ABSTRACT Techniques for determining large transbilayer pH gradients (LApH) and membrane potentials (AV) induced in response to zvpH in large unilamellar vesicle liposomal systems by measuring the transbilayer redistribution of radiolabeled compounds have been examined. For liposomes with acidic interiors, it is shown that protocols using radiolabeled methylamine in conjunction with gel filtration procedures to remove untrapped methylamine provide accurate measures of ApH in most situations. Exceptions include gel state lipid systems, where transbilayer equilibration processes are slow, and situations where the interior buffering capacity is limited. These problems can be circumvented by incubation at elevated temperatures and by using probes with higher specific activities, respectively. Determination of ApH in vesicles with a basic interior using weak acid probes such as radiolabeled acetate in conjunction with gel filtration was found to be less reliable, and an alternative equilibrium centrifugation protocol is described. In the case of determinations of the membrane potentials induced in response to these pH gradients, probes such as tetraphenylphosphonium and thiocyanate provide relatively accurate measures of the Ai\, induced. It is shown that the maximum transmembrane pH gradient that can be stably maintained by an egg phosphatidylcholine-cholesterol 100-nm-diam large unilamellar vesicle is -3.7 units, corresponding to an induced Aif of 220 mV or transbilayer electrical field of 5 X 1 05 V/cm.
INTRODUCTION
Recent work from this laboratory has been focused on the influence of transbilayer pH gradients in large unilamellar vesicle (LUV)' systems on the transbilayer distributions of lipophilic weak acids and bases, including a variety ofdrugs ( 1 ), ions (2) , modified peptides (3), and lipids, including phospholipids (4, 5) . An ability to measure the pH gradients (ApH) present across LUV membranes is clearly central to these and other investigations. A number of methods of measuring ApH in LUVs have been developed, based on early work demonstrating that the transmembrane ApH in organelles, such as chloroplasts and mitochondria, could be measured by determining the transmembrane distribution of weak bases such as ammonia (6) . These methods employ nuclear magnetic resonance (7) , electron paramagnetic resonance (8) , or fluorescence (9, 10) techniques to determine the transbilayer distribution of appropriately labeled probes that are weak bases. Similar procedures can be used to measure membrane potentials (A4') ( 1) . In general, these procedures are tedious, require specialized equipment, and are usually restricted to ApH values of two units or less. As emphasized by Rottenberg ( 11) , ApH values determined by probes that partition into the membrane can be misleading. Furthermore, the accuracy of specific probes, such as the fluorescent probe 9-aminoacridine as an indicator of ApH, is questionable ( 12) .
In previous work, we have employed trace amounts of [ 14C ] methylamine to determine the ApH in LUVs. Due to the high permeability ofthe uncharged form ofmethylamine, rapid equilibration across the membrane is achieved ( 11) . Protonation of the neutral form in the low pH environment of the vesicle interior results in a net accumulation of probe to achieve an equilibrium, where: (1) assuming that the interior and exterior proton concentrations are much larger than the dissociation constant of methylamine and that only the neutral form is membrane permeable. Separation of trapped probe from untrapped probe and the subsequent determination of entrapment allows the proton gradient to be measured. However, there are situations in which the accuracy of this technique can be compromised. First, as indicated above, to achieve equilibrium the neutral form of the probe must readily permeate the vesicle bilayer, leading to possible errors for relatively impermeable membranes. Second, the ratios of trapped to free [14C]-MeNH3+ in liposomes are usually determined by removing exterior (untrapped) probe using centrifuged gel filtration minicolumns (7) . However, once the vesicles enter the gel matrix, the system is not at equilibrium, resulting in possible efflux of the probe from the vesicles while the vesicles are on the column. Finally, the protonation of ["C] MeNH2 on arrival in the vesicle interior consumes a proton. Thus, the ApH is affected by the probe itself. In this work, we examine the extent to which these and other factors can compromise the accuracy of ApH measurements and describe procedures that avoid these difficulties. Furthermore and thawing to achieve equilibrium transbilayer solute equilibration ( 13) . Large unilamellar vesicles were prepared by extruding these multilamellar vesicles 10 times through two stacked 100-nm filters as previously described ( 14) . For saturated lipids, vesicle extrusion was performed above the gel-liquid crystalline phase transition temperature using a thermally jacketed extrusion apparatus (Lipex Biomembranes, Vancouver, British Columbia, Canada). Vesicles prepared by this method are unilamellar, with diameters of -I100 nm ( 14, 15 ). The ApH was imposed by passing 300 ,u of the vesicles down a l-ml G-50 column equilibrated with the appropriate external buffer, usually 150 mM NaCl, 20 mM N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid (Hepes), pH 7.0. Subsequently, these vesicles were diluted into the same buffer containing 1 ,uCi ['4C]MeNH3+/ml (or other radiolabel) to achieve a final lipid concentration of -2 mM. The samples were incubated at the indicated temperatures, and at appropriate times 100-Al aliquots were removed and passed down 1-ml Sephadex G-50 minicolumns that were centrifuged for 3 min at 2,000 g. Entrapped probe was determined using liquid scintillation counting and phospholipid concentrations were determined using a phosphate assay ( 16) . The ratios of entrapped to free concentrations of probe were determined using the measured internal aqueous volumes indicated in Table I for 100-nm vesicles. For samples containing significant amounts of tetraphenylphosphonium (TPP+), lipid concentrations were determined by cholesterol assay ( 17) .
For some samples, transmembrane probe distributions were determined using a "centrifree" equilibrium binding analysis apparatus (Amicon, Beverly, MA). After a 30-min incubation in the presence of the radiolabel under the conditions indicated above, 1 -ml samples were placed in the upper filter chamber and the apparatus was centrifuged at 1,500 g for 5 min. Probe distributions were then determined. (8) where the subscripts i and o refer to the inner and outer environments, respectively. Furthermore, writing K. as the dissociation constant of methylamine (pK. = 10.6), it is obvious that (9) where [A]t"t is the total (initial) exterior concentration of methylamine, Vi is the interior (trapped) volume of the LUVs, and V. is the external untrapped volume. Thus, combining Eqs. 8 and 9 and assuming that the exterior proton concentration does not vary significantly during probe uptake, we obtain ( 10) where A second factor that can reduce the internal proton concentration results from the initial efflux of protons from the acidic interior to the exterior environment to set up an electrical potential (Af)l. This equilibrium can be described by the Nernst relation for protons, assuming these are the only significantly permeant ions present:
where R, T, and F have their usual meanings. When it is necessary to ensure that the protons are the most permeant species, the proton ionophore carbonyl cyanide mechlorophenyl hydrazone (CCCP) can be employed. Under standard conditions RT/F = 59, where A4t is expressed in millivolts. The number of proton equivalents required to set up this equilibrium can be estimated from the membrane capacitance relationship Q=CAmA= (12) where Q is the charge in coulombs, Am is the area ofthe membrane, and C is the membrane capacitance. The number of protons released is given by N(H+) = Qle, where e is the elementary unit ofcharge ( 1.6 x 10-'9 C).
RESULTS

Influence of lipid composition and temperature
The first set of experiments was directed toward examining the influence of lipid composition and temperature on the zvpH reported by the methylamine spin column technique. Vesicles under Materials and Methods. As shown in Fig. 1 (Fig. 1 B) . Alternatively, heating the vesicles to temperatures above their gel-to-liquid crystalline transition temperature (Ta) should also result in rapid equilibration. As shown in Fig. 1 C, 
Influence of probe concentration
It is straightforward to show that the percentage of the probe that is accumulated for a given ApH obeys the relation: (13) where [PL] is the phospholipid concentration and Vi is the trapped volume (per mole of lipid). Thus, under the experimental conditions employed here (2 mM lipid, 1 ,uCi/ml methylamine), detection of a three-unit ApH involves the accumulation of 67% of the probe, assuming a trap volume of 1 liter/mol lipid. Given the initial external concentration of the radiolabeled MeNH3' as 1 ,uCi/ml or 21 ,uM (specific activity = 48 mCi/mmol), this indicates a final interior probe concentration of 7 mM. As each methylamine accumulated consumes a proton on arrival in the vesicle interior, it is clear that the vesicle interior must be reasonably well buffered in order that radiolabeled methylamine provides an accurate measure of the initial ApH. This effect is illustrated in Fig. 2 A, where it is found that at interior citrate concentrations < 50 mM (under isoosmotic conditions), the accuracy ofthe ApH reported by methylamine is increasingly compromised for a ApH that was initially three units.
As indicated under Materials and Methods, the presence of a ApH (inside acidic) across the vesicle bilayer will also induce a membrane potential ( Citrate Concentration (mM) FIGURE 2 The effects of internal buffering capacity (A) and osmotic gradients (B) on the apparent transmembrane pH gradients and membrane potentials. EPC/cholesterol (55:45; mol/mol) vesicles (2 mM, 100 nm diam) were prepared in the indicated concentration of citrate, pH 4.0. These vesicles were incubated for 30 min with (A) an isoosmotic NaCI-Hepes-buffered saline buffer (pH 7.0) or (B) 150 mM NaCl, 20 mM Hepes, pH 7.0. These buffers contained 1.0 gCi/ml Applied pH Gradient Transmembrane pH Gradients and Membrane Potentials in Liposomes a basic interior using radiolabeled weak acids as the L\pH probes. Such studies were pursued for 100-nm EPC vesicles experiencing a three-unit pH gradient (pHi 9.0; pH. 6 .0), utilizing as probes '4C-labeled benzoic, acetysalicylic, acetic, and mevalonic acid. As shown in Fig. 6 Fig. 7 B, the equilibrium filtration procedure can be usefully applied to achieve accurate measures of ApH even for the EPC system. Time (hrs) FIGURE 6 Transmembrane distributions of radiolabeled probes in EPC LUVs (100 nm diam) as determined by gel filtration for vesicles with a basic interior. The apparent transmembrane distributions of radiolabeled benzoic acid (A), acetylsalicylic acid (0), acetic acid (*), and mevalonic acid (m) using gel filtration was determined in vesicles containing 300 mM CHES (pH 9.0) incubated in 150 mM NaCl, 20
mM MES (pH 6.0) with 0.5 ,Ci/ml of the indicated probe. Positive (interior) membrane potentials induced in response to these pH gradients were determined by the redistribution of ['4C]thiocyanate in EPC vesicles using the gel filtration separation procedure. FIGURE 7 Determination ofpH gradients (interior basic) using [ cates a permeability coefficient for the neutral form of 7 x 10-4 cm/s or larger is required. As indicated in Results, a brief incubation at an elevated temperature (e.g., tration gradient for TPP+, for a given Ai/, due to the 60°C) increases P for all the systems studied to the exsmall aqueous volume to membrane volume ratio in the tent that equilibrium is achieved within 5 min, without vesicle interior. As shown in Fig. 8 The fourth point of discussion concerns the maximum pH gradients that can be achieved. A major thrust ofthis work has concerned the accurate measurement of relatively large pH gradients of three units or more. The results presented here for EPC/cholesterol (55:45) indicate a maximum ApH of -3.7 units, corresponding to a AA of 220 mV. An inability to generate larger pH gradients and induced membrane potentials is probably due to electrical breakdown ofthe bilayer ( 19) . The (24) . In summary, techniques for the accurate measurement of pH gradients in LUV systems have been described. For LUVs with an acidic interior, determination of the equilibrium transbilayer distributions of radiolabeled methylamine using the gel filtration procedure provides a reliable procedure, provided that transbilayer equilibration rates are sufficiently rapid and that interior buffering capacities are sufficiently high. In situations where this accuracy is compromised, equilibrium centrifugation techniques or techniques to measure membrane potentials induced by the pH gradient provide straightforward alternatives. 
